Introduction
In this report, we have evaluated in real time both the Ras -Raf -Mek -Erk and PI3-kinase -121
Akt signaling pathways in the same cells using fluorescent translocation sensors. Our results 122
show that different growth factors not only stimulate distinct signaling dynamics, but also 123 produce biased activation of one pathway over another. Moreover, we find that crosstalk from 124
Ras -Raf -Mek -Erk to PI3-kinase -Akt has pronounced modulatory effects on Akt signaling 125 activity. Our observations thus provide a quantitative insight into how different growth factors 126 control cellular behaviors, and how individual signaling pathways influence each other. 127 128
Materials and Methods

130
Materials. Cell culture media, including Dulbecco's modified Eagle's medium (DMEM), 131 phosphate-buffered saline (PBS), and FluoroBrite imaging medium, and trypsin/EDTA solution, 132
were purchased from Gibco-Life Technologies (Carlsbad, CA). FBS was from Hyclone (Logan, 133 UT). Cells were grown and imaged on 6-well Bio-One tissue culture plates (Greiner, Monroe, 134 NC). Restriction enzymes, buffers, ligases, and polymerases were obtained from BD After 4 final washes, slides were dried, and visualized with the LiCoR Odyssey. 217 218
Results
220
Growth factor signaling in living cells. Growth factors typically regulate a broad range of 221 cellular responses by engaging multiple intracellular signaling pathways (11 In order to evaluate a broader template of growth factor-mediated signaling, we generated 234 recombinant HeLa cell lines incorporating two live-cell imaging sensors, FoxO1-clover and 235 mKate2-Erk2 (Fig. 1A, left panel) . The latter fluorescent reporter reads the kinase activity of 236 Mek 1 and 2, upstream stimulators of Erk 1 and 2, and of phosphatases that dephosphorylate the 237 corresponding sites (51). Upon phosphorylation of Erk by Mek, the reporter accumulates in the 238 nucleus (Fig. 1A, left panel) . Incubation of these HeLa cells with a high dose of EGF [2.1 nM] 239 demonstrated nearly coordinate activation of both Akt and Mek. In the population, translocation 240 of mKate2-Erk2 from the cytoplasm to the nucleus was maximal within 5 min of EGF addition, 241 declined to a plateau that was ~70% of maximal by 15 min, and was maintained at this level of 242 activity for at least 90 min, although this varied among individual cells (Fig. 1B , C, movie 1 in 243 supplemental data). In the same cell population, FoxO1-clover maximally translocated from the 244 nucleus to the cytoplasm within 7.5 -10 min after EGF addition. Cytoplasmic localization then 245 declined at a steady rate to ~30% of maximal at 90 min, despite the continuing presence of 246 growth factor (Fig. 1B, D , movie 1 in supplemental data), although both maximum cytoplasmic 247 accumulation and the rate of return of the reporter to the nucleus varied among single cells (Fig.  248   1D) . Thus, treatment of HeLa cells with high concentrations of EGF stimulates robust Mek 249 signaling responses, but less sustained Akt activity, and tracking the subcellular distribution of 250 translocation-based sensors by live-cell imaging provides a dynamic picture of signaling with 251 high temporal resolution. Maryu et al have recently reported on a similar dual-reporter model in 252 which they also have studied the effects of EGF (30). 253
254
To determine if reporter behavior in living cells tracked with more traditional measures of 255 growth factor activated signaling, we performed serial immunoblotting of lysates from HeLa 256 cells exposed to the same concentrations of EGF for variable times. Erk phosphorylation was 257 minimal in cells incubated in SFM, and rose to a peak within 5 min of EGF addition. This level 258 of Erk phosphorylation declined by 30 min, and was maintained at the lower value for at least 90 259 min after growth factor addition (Fig. 1E) . A relatively similar pattern of phosphorylation was 260 observed for the Erk substrates, Rsk1 and 2 (Fig. 1E) . Akt phosphorylation also peaked within 5 261 min of cell exposure to EGF, and then rapidly fell, such that it was only marginally more than 262 baseline by 90 min (Fig. 1E) . The direct Akt substrate, PRAS40, showed a similar 263 phosphorylation pattern to Akt (Fig. 1E) with SFM caused a rapid, dose-dependent peak in nuclear translocation of the mKate2-Erk2 271 reporter molecule. At the population level, half-maximal accumulation of the reporter in the 272 nucleus was detected by 3 -5 min after EGF addition at all growth factor concentrations tested, 273
with maximal values being attained by ~7 min. Signal intensity then rapidly waned by 15 min to 274 a steady state value that was sustained for up to 90 min at a level ranging from ~0% to ~50% of 275 peak value depending on the EGF concentration ( Fig. 2A, left panel) . 276
277
The signaling response of FoxO1-clover to EGF varied from what was seen with mKate2-Erk2. 278
Half maximal nuclear to cytoplasmic translocation occurred within ~5 min of growth factor 279 addition, and maximal activity was attained by ~10 min. This was followed by a nearly linear 280 fall over the subsequent 20 to 80 min to a baseline value that was maintained for the duration of 281 each 90 min experiment, with the kinetics and levels of activity depending on EGF concentration 282 ( Additional experiments showed that overall population signaling responses to TGF-α were 321 nearly identical to those seen with EGF, and that responses to insulin mimicked the pattern seen 322 with IGF-I (Fig. 3D ). This is not surprising, since TGF-α uses the same receptors as EGF (49), 323 and the insulin and IGF-I receptors employ the same intracellular adaptor molecules to couple 324 with downstream signaling modules (54). Thus, the signaling dynamics that we observed appear 325 to be largely dependent on the specific receptor tyrosine kinases that are activated. to show convergence onto similar targets in different cell types and contexts (32). Here we have 346 used small molecule inhibitors to assess the possible interdependence of these cascades. We find 347 that addition of the dual PI3K and mTor inhibitor, PI103, or the Akt inhibitor, MK2206, had no 348 effect on EGF-stimulated Mek activity, but reduced nuclear to cytoplasmic translocation of 349 FoxO1-clover by nearly 50% and 25%, respectively (Fig. 4A) . Similarly, translocation into the 350 nucleus of mKate2-Erk2 after HGF treatment was not altered by PI103, but the response of 351
FoxO1-clover was diminished by ~50% ( Fig 4B) . In contrast, the same concentrations of PI103 352 or MK2206 that only partially prevented EGF-or HGF-mediated nuclear to cytoplasmic 353 translocation of FoxO1-clover, were fully effective in blocking the effects of IGF-I in HeLa cells 354 (Fig. 4C ). PI103 also completely inhibited the actions of EGF on nuclear to cytoplasmic 355 translocation of FoxO1-clover in C3H10T1/2 cells (Supporting Fig. 1 Surprisingly, each compound also enhanced the duration of translocation of FoxO1-clover into 364 the cytoplasm (Figs. 5A and B, right panels, movie 2 in supplemental data). In contrast, these 365 small molecules amplified the effects of PI103, leading to nearly complete maintenance of 366 FoxO1-clover in the nucleus after EGF (Figs. 5A and B, right panels). Our overall interpretation 367 of these results is that specific loss of Mek-stimulated Erk activity reduces negative feedback on 368
Ras, which leads to sustained stimulation of PI3-kinase, thus enhancing Akt activity. In contrast, 369 when all paths to Erk and to PI3-kinase and Akt activation are blocked by a combination of Mek 370 and PI3-kinase inhibitors, then the FoxO1-clover sensor remains un-phosphorylated and nuclear. 371
372
As a follow up to these studies, we measured the effects of UO126 on EGF-stimulated 373 phosphorylation of signaling intermediates using a protein array. Incubation of HeLa cells with 374 EGF for 15 min led to increased phosphorylation of Mek and Akt substrates, as well as enhanced 375 phosphorylation of downstream effector molecules. UO126 blocked EGF-mediated 376 phosphorylation of Erk and Rsk1, and also inhibited phosphorylation of p70 S6 kinase, and S6, 377 but had a stimulatory effect on phosphorylation of the direct Akt substrate, PRAS40 (Fig. 5C) . 378
In contrast, PI103 did not alter EGF-stimulated Erk or Rsk phosphorylation, but impaired EGF-379 mediated phosphorylation of PRAS40 and S6 (Fig. 5C) The small molecule, PLX-4720, can inhibit a mutant constitutively active B-Raf that contains a 393 valine to glutamic acid substitution at amino acid 600, but paradoxically stimulates wild type 394 Raf1 (36). As a consequence, this drug has been found to increase Erk activity. To assess the 395 effects of PLX-4720 on EGF-mediated signaling, C3H10T1/2 cells, which do not show a strong 396 effect of Erk-mediated signaling on FoxO1-clover translocation (Fig. 6A) , were incubated in the 397 presence or absence of PLX-4720 or the Mek inhibitor, UO126, and the subcellular distribution 398 of FoxO1-clover was monitored. In these cells, EGF stimulated transient nuclear to cytoplasmic 399 translocation of FoxO1-clover, and this response was potentiated in duration from less than 45 to 400 greater than 90 minutes by UO126 (Fig. 6A) . In contrast, reporter translocation was dampened 401 by 20% in magnitude and reduced in duration by PLX-4720 (Fig. 6A) . Analogous results were 402 seen after PDGF-AA treatment (Fig. 7A) . 403
404
Immunoblotting studies revealed similar effects after incubation of cells with EGF for 15 min in 405 the presence or absence of UO126 or PLX-4720. EGF-mediated Akt phosphorylation was 406 increased by UO126 and reduced by PLX-4720, while Erk phosphorylation was completely 407 blocked by UO126 and enhanced by PLX-4720 (Fig. 6B) . Fig. 6C and D) . By 414 contrast, addition of PLX-4720 reduced the time course of FoxO1-clover nuclear to cytoplasmic 415 translocation (Fig. 6E) . However, in both populations, marked individual cell variability 416 remained. Analogous results were seen after treatment of cells with PDGF-AA (Fig. 7B-D) . that EGF stimulated rapid activity of Mek, consisting of a brief peak, followed by a sustained 447 plateau. Akt signaling in response to EGF also reached a rapid peak, but then fell at a relatively 448 constant rate in the majority of cells studied. HGF promoted similar kinetics of Mek-mediated 449 signaling to Erk, but with a magnitude that was less than half that of EGF. In contrast, sustained 450 stimulation of Akt activity by HGF resembled the pattern seen with IGF-I, which only minimally 451 activated Mek in most cells (Figs. 2 and 3) . Furthermore, pairing the peak mKate2-Erk2 and 452
FoxO1-clover responses revealed cell-to-cell heterogeneity across the population, but a 453 correlation within individual cells (Fig. 3F) . experiments, as they allow rapid and fairly specific interference at defined steps in a cascade. 467
Blocking Mek activity with either of two different chemical inhibitors led to sustained EGF-468
stimulated Akt activity that resembled the effects of IGF-I, as under these conditions Erk was 469 minimally activated (compare Fig. 4A , 4B, or 5A with Fig. 3A) , thus illustrating that crosstalk at 470 different levels of the Raf -Ras -Mek -Erk pathway may normally impair PI3-kinase -Akt 471 signaling. As similar results were observed after EGF exposure in two different cultured cell 472 types (Figs. 4 -6 ) and also in cells treated with PDGF-AA (Fig. 7 ), our data demonstrate that this 473 type of inhibitory crosstalk may be generalizable, and is consistent with previous work using 474 more standard approaches (22, 43, 56). Published studies have found that inhibiting Erk 475 signaling at Mek leads to a block in negative upstream pathway feedback from Erk to Ras (24, 476 51). As a consequence Ras activity is not down regulated, and can continue to directly stimulate 477 PI3-kinase and thus Akt (see schematic in Fig. 7E ). Although through this mechanism Erk 478 activity can modulate Akt signaling, this type of interaction only seems to occur when a prior 479 signal also stimulates the PI3-kinase -Akt cascade, since direct induction of Ras using 480 optogenetic methods did not promote PI3-kinase or Akt activity (60). cascade via inhibitory phosphorylation of Raf1 by Akt also has been identified (17, 33, 67). In 499 our studies, we only found a small reduction in EGF-or HGF-treated cells in cytoplasmic to 500 nuclear translocation of the mKate2-Erk2 reporter by either the Akt inhibitor, MK2206, or the 501 dual PI3-kinase and mTorc inhibitor, PI103 (Fig. 4A, B) . Thus, in HeLa cells, we observed little 502 reciprocal crosstalk from PI3-kinase or Akt to control Mek activity, potentially illustrating cell-503 type specificity. 504
505
In addition to crosstalk, distinct signaling pathways may converge on the same downstream 506 proteins (32). For example, the Akt and Rsk kinases recognize similar amino acid sequences, 507
and thus could phosphorylate some of the same substrates, leading to similar biological effects (4, 508 28, 52). There is also the potential for convergence of two pathways through phosphorylation at 509 different sites in the same target protein (65). These mechanisms could explain why EGF-or 510 HGF-stimulated nuclear to cytoplasmic translocation of FoxO1-clover in HeLa cells was not 511 blocked completely either by the Akt inhibitor, MK2206, or by the PI3-kinase-mTorc inhibitor, 512 PI103, but was fully impaired by combined treatment including a Mek inhibitor (Fig. 5A, B) . [ 513
514
Limitations and implications of dual-reporter live-cell imaging for cell signaling. One issue 515 that could limit the impact of our observations is the potential contribution of Erk over-516 expression on overall cell signaling dynamics, as our reporter molecule contains a functional 517 Erk2. However, unlike previous studies, we did not detect nuclear localization of the reporter 518 protein in the absence of growth factor activity (1, 27) . Moreover, it is clear that our live-cell 519 imaging sensors do not occupy parallel positions in the PI3-kinase -Akt and Raf -Ras -Mek -520
Erk signaling pathways, respectively. FoxO1 is one of a multitude of direct substrates of Akt 521 (28), and thus the FoxO1-clover fusion protein measures the activity of a signaling enzyme with 522 many intracellular targets. In contrast, Erk1 and Erk2 are essentially the only specific substrates 523 for Mek1 and Mek2 (51), and the subcellular translocation of mKate2-Erk2 thus does not give 524 information equivalent to the redistribution of FoxO1-clover on overall signaling dynamics or on 525 the comprehensive nature of crosstalk. Future live-cell imaging studies could use an Erk 526 substrate rather than Erk2 to better address these concerns, which would enable a more precise 527 comparison of overall Akt and Erk signaling activity in the same cells. 528
529
From a broader perspective, we have attempted to use live-cell imaging to study the dynamics of 530 two major pathways, yet we acknowledge that our results are limited in the context of overall 531 cellular signaling, since additional growth factor-activated cascades also exert significant effects 532 on cellular behaviors (26). For example, readouts from other MAP kinase pathways, Stats, Src 533 kinases, and protein kinase C cascades, as well as micro-RNAs, also play important roles in the 534 short-and longer-term responses to growth factors, and to cytokines and hormones (19, 21, 44, 535 50, 53, 58). It thus will be critical to develop live-cell imaging sensors for these other pathways 536 in order to gain a fuller understanding of how growth factors and other agents interactively 537 regulate cell fate and functions under both physiological and pathological conditions. In the 538 future, we envision that live-cell imaging studies with multiple readouts, coupled with other 539 molecular and biochemical methods operating at the single cell level, should allow better 540 understanding of how a diversity of signaling pathways are integrated in time and space to 541 control specific outcomes in cells, tissues, and organisms. 
